Long intergenic non-coding RNAs (lincRNAs) are non-coding transcripts >200 nucleotides long that do not overlap protein-coding sequences. Importantly, such elements are known to be tissuespecifically expressed and to play a widespread role in gene regulation across thousands of genomic loci. However, very little is known of the mechanisms for the evolutionary biogenesis of these RNA elements, especially given their poor conservation across species. It has been proposed that lincRNAs might arise from pseudogenes. To test this systematically, we developed a novel method that searches for remnants of protein-coding sequences within lincRNA transcripts; the hypothesis is that we can trace back their biogenesis from protein-coding genes or posterior transposon/retrotransposon insertions. Applying this method, we found 203 human lincRNA genes with regions significantly similar to protein-coding sequences. Our method provides a visualization tool to trace the evolutionary biogenesis of lincRNAs with respect to protein-coding genes by sequence divergence. Subsequently, we show the expression correlation between lincRNAs and their identified parental protein-coding genes using public RNA-seq repositories, hinting at novel gene regulatory relationships. In summary, we developed a novel computational methodology to study noncoding gene sequences, which can be applied to identify the evolutionary biogenesis and function of lincRNAs.
INTRODUCTION
In eukaryotic cells, long intergenic non-coding RNAs (lincRNAs) are the largest class of long non-coding RNA (lncRNA) molecules. They retain exon-intron structure and are encoded in highly regulated regions of the genome, which are transcribed from thousands of genomic loci in mammals. Increasing evidence suggests that these resulting RNA molecules play a functional and critical role in gene regulation (1, 2) . LincRNAs show tissue-specific expression patterns, form structured RNAs, and participate in events such as transcript 5 capping, polyadenylation and splicing. All of these explains the role of lincRNAs in the maintenance of cell integrity, and their involvement in disease and development (3, 4) .
The biogenesis of lincRNAs is not well understood and its study is challenged by the fact that lincRNAs are less conserved across species than protein-coding genes (5) . On the other hand, evolution from pseudogenes, more specifically from decayed protein-coding genes, has been suggested as a lincRNA biogenesis mechanism (6, 7) . This hypothesis is lacking support by a systematic analysis of the sequence relationship of these entities with their proteincoding counterparts. In relation to this, there have been investigations to identify certain features that are recognized by lincRNAs in the query genes they regulate, which mainly include primary sequence, secondary structure and genomic positioning of the lincRNA effector transcripts (8, 9) . This led to an implication that transcripts arising from pseudogenes could regulate by complementarity their parental genes (10-13) and evolution from pseudogenes was suggested as a mechanism of antisense ncRNA biogenesis (14, 15) . However, these hypotheses could gain further support by a systematic analysis of the sequence relationship of lincRNAs with their protein-coding counterparts. In this direction, an attempt has been recently made, by means of synteny and sequence analysis, trying to understand the evolutionary relationships between human lincRNAs and their corresponding homologous protein-coding genes in nine species (16) .
Toward addressing these questions, we developed a novel algorithm that aligns protein-coding sequences against lincRNA transcript sequences to detect remnants of coding sequences within lincRNAs and to associate the lincRNAs with their protein-coding counterparts. Additionally, we developed a platform to visualize these alignments to ease the comprehension of the biogenesis of individual lincRNAs.
We employed this approach to detect significant alignments with protein-coding regions for 203 lincRNA genes, for which we are able to trace mutational signatures leading to their biogenesis. Additionally, by means of transcriptomic analysis, we demonstrate that the expression signatures of these lincRNAs correlate to their corresponding parental protein-coding genes indicating a possible regulatory relation. Taken together, this study provides a tool to study non-coding sequence similarity with coding sequences, opening a research line to study lincRNA evolution and function.
MATERIALS AND METHODS

Generation of a scoring matrix for the alignment of proteincoding genes against non-coding elements
In order to generate a proper scoring matrix for the alignment of protein-coding sequences with lincRNAs, we simulate point mutations according to the neutral theory of molecular evolution between human and chimpanzees (17) . For each amino acid, we select randomly one of its different codon codifications and then one random nucleotide from the triplet is mutated accordingly to the probabilities of transitions and transversions. For example, TTT (coding for Phenylalanine) could be mutated to TTA (coding for Leucine). To obtain robust results, we mutated each amino acid 10 7 times. Note that a point mutation in codons for some amino acids can lead to a stop-codon. We took then the frequencies of changes from each amino acid to some other amino acid or stop codon after a point mutation (see Table 1 ). Note that it is important to define the proteincoding genes as query and the lincRNAs as targets. Finally, a scoring matrix was calculated adding 1 to the values of an amino acid not changing, to favor conservation, and penalizing zero-probability events by assigning them a score of -4.
Input sequences to the aligner
The aligner uses protein-coding gene sequences as query and lincRNA sequences as target. The DNA sequences are translated into the three different frames corresponding to the direction of the transcription of the lincRNA.
The longest common sub-string algorithm to find out blocks of pairwise alignments
As an initial step, we use the Longest Common Sub-String (LCSS) algorithm to find the longest identical residue pairwise alignment between the protein-coding sequence and the three frame translated lincRNA sequences. The minimum pairwise alignment length allowed is four amino acids. After, the longest alignment is selected (LCSS-word). Further, the LCSS-word is extended in both directions until a zero-probability event is found. Then, we proceed with a divide and conquer strategy (Figure 1 ). The unaligned sequences of the protein-coding sequence and the three lincRNA open reading frames (ORFs) are identified and aligned in an iterative process (Figure 2A) . The loop ends when LCSS-words of four or more amino acids cannot be found. Methodology for finding remnants of protein-coding sequences within lincRNA. Flow chart for the alignment of protein-coding genes (amino acid sequences) with non-coding genes (DNA sequence) with the following steps: determination of the longest common sub-string, followed by extension in both directions until a zero-probability event is found. The process iterates on unaligned regions. Then, a single block is selected with stretches of indels and/or mismatches shorter than 10 amino acids. Finally, the boundaries between different frames are optimized, maximizing the alignment score is defined according to our scoring matrix (see Materials and Methods for details).
Selection of the best alignment-block
When the alignment of the protein-coding gene against the three lincRNA ORFs is completed, we retrieve the longest alignment-block. An alignment-block contains no more than 10 consecutive unaligned amino acids (indels and/or mismatches). The one with the highest alignment score is chosen (see Figure 2B ). This strategy reduces the number of false positives.
Optimization of the boundary-alignment between different frames
However, in an alignment-block there can be alignments from different ORFs because of frame-shift mutations. We Figure 2 . Illustrative example of the procedure to align a protein sequence to a lincRNA. The alignment algorithm is divided in three major steps: (A) Flowchart representation of an alignment that includes longest common sub-string (LCSS) and extension. The longest common word between the two sequences is highlighted in yellow color in the first step and extended in both directions, highlighted in red color. Then, the sequences are divided and the unaligned sequences are aligned using, recursively, the same procedure described above. (B) An alignment-block has less than 10 consecutive amino-acids composed by indels and/or mismatches. The alignment-block with the best score is selected. (C) The alignment between different open reading frames is optimized by maximizing the score. See that in the figure, the final alignment is shifted two amino acids towards the blue frame (frame 3) as PL has a higher score where P→ I are conserved and L→ L are identical residues compared to the green frame (frame 2) where P→ A and I→ S were semi conserved. Note that conservation is defined according to our scoring matrix (see Methods for details). Table 1 . The probabilities of transition for the different amino acids after receiving a point mutation. Rows and columns are the query and target amino acids, respectively optimized the detection of the boundaries between frames, selecting in each case, the boundary that maximizes the alignment score (see Figure 2C ).
Finding remnants of protein-coding genes within lincRNA sequences
We applied the described methodology to detect the presence of protein-coding gene signatures within lincRNAs and to trace their biogenesis and sequence-divergence. A total of 20 239 protein sequences were obtained from SwissProt (release of September 2017) (18) . The lincRNA sequences were obtained from GENCODE v19 (19), a total of 11 904 lincRNA transcripts corresponding to 7256 different lincRNA genes. LincRNA low complexity regions were masked based on RepeatMasker annotations from the UCSC genome browser (hg19). Finally, 20 239 Swiss-Prot protein-coding sequences were aligned against the set of 11 904 lincRNA low-complexity-masked sequences. The Rost-curve is currently used to determine if two proteins are homologous (20, 21) . Here, we used the Rost-curve both to find homologous between protein-coding genes and lincRNAs, also to select the best hit for each lincRNA gene ( Figure 3 ). The percent of identity is represented in the ordinates and the alignment length in the abscissas. Alignments located above the Rost-curve are selected as significant. If a lincRNA has more than one alignment above the curve, the one with the largest Euclidean distance to the Rost-curve is selected (see Supplementary Table S1 ).
Development of an alignment visualization platform for the alignments
We developed a sequence alignment visualization platform that allows the analysis of the sequence divergence following the lincRNA biogenesis (see Figure 4A -C). The visualization is divided into three main sections. First, the protein sequence against the three-frame-translated lincRNA sequence; highlighted colors are used for the different translated frames. Second, the protein sequence against the three different ORFs of the three translated lincRNA sequences; one alignment for each frame. Third, Alignment of the protein sequence against the lincRNA DNA sequence, where the divergence can be observed with a resolution of one nt.
The alignments are highlighted with three different colors: red, green and blue for frames 1, 2 and 3, respectively. Furthermore, standard symbols have been used to represent the alignment quality: '|' for identity, ':' for conserved (prob- ability value ≥ 0.2) and '.' for semi-conserved (probability < 0.2) (Figure 4A-C) . Note that here, conservation is defined by the probability of amino acid substitutions we calculated above.
Expression analysis of lincRNAs and protein-coding genes
BAM files pertaining to RNA-seq datasets for human tissues of ectodermal (pre-frontal cortex), mesodermal (heart) and endodermal (liver) origin were downloaded from EN-CODE (22) (see Supplementary Table S2 ). Reads falling in subject lincRNAs and protein-coding genes were quantified using QuasR (23) . Only the subset of lincRNAs and protein-coding genes that are located in the 21 autosomal chromosomes were retained for further analysis. Library size normalization across RNA-seq datasets was done using DESeq (24) . Normalized read counts were then log-scaled (base 2) for performing further correlative analysis.
RESULTS
Identification of lincRNA genes containing remnants of transcribed protein-coding sequences
To study the evolutionary biogenesis of lincRNA genes by sequence-divergence from protein-coding genes, we aligned protein-coding sequences against the lincRNA transcribed sequences, translated in the three ORFs that are determined by the direction of the transcription. To challenge the lack of an aligner sensitive enough for this purpose, we developed a novel method (Figures 1 and 2A-C ; Supplementary Figure S1 ; see Materials and Methods for details).
The aligner was optimized for aligning protein-coding sequences against non-coding sequences, considering (i) a stochastic model of sequence evolution within non-coding sequences, (ii) analysis of all ORFs, and (iii) detection of frame-shift mutations. The aligner works as follows ( Substitution matrices provide a scoring platform for pairwise and multiple sequence alignments of amino acid sequences. BLOSUM (25) is a paradigm of such matrices, and it is the BLAST default substitution matrix. However, BLOSUM was derived from the BLOCKS database (26) , which contains information for protein sequences conserved across protein families. This makes the use of this scoring matrix unreliable for non-coding genomic sequences, especially considering that non-coding elements do not evolve like protein-coding genes (27) . In contrast, non-coding sequences show enhanced random-mutation patterns and lower selection pressure. Thus, in order to address this, we generated a new substitution matrix based on probability calculations, where the probability of aminoacid substitutions was calculated from stochastic point mutations in triplet-codons as explained in Methods.
For illustration, we compared our alignment methodology to tBLASTn (28) for the alignment of lincRNA gene ENSG00000234277 (ENST00000445817) with the aminoacid sequence of the human 40S ribosomal protein R18 (Swiss-Prot AC P62269) (Supplementary Figure S2A-B) . One major difference is that our method captures similarity to the C-terminal of the protein (amino acids 132-152), which is missing by tBLASTn. This can be attributed to the new substitution matrix and also because the algorithm provides an optimized alignment of the query and target sequence, with the ability to merge alignments from all the ORFs that correspond to the direction of the transcription, unlike the highest scoring pairs (HSPs) from tBLASTn.
Next, we created a visualization platform (see Materials and Methods for details) to ease the analysis of evolutionary sequence-divergence in non-coding gene sequences. This method provides three different views, allowing to observe frame-shifts, indels and other point mutations at the nucleotide resolution level. The exemplary visualization of human Actin, cytoplasmic 2 (Swiss-Prot AC P63261) alignment against lincRNA gene ENSG00000234996 (ENST00000456105) is shown in Figure 4A-C. TBLASTn finds 8 HSPs for this particular lincRNA, but misses a significant part of the alignment obtained with our method (from amino acid positions 159-216; frame +1, red color).
In order to validate the proposed method, we have performed the following analysis: From the 8,715 processed pseudogenes annotated at psiDR (29) we have removed those whose sequences are composed exclusively by low complexity regions, remaining a total of 7988 processed pseudogenes. We aligned those, with the method proposed, against human proteins. Interestingly, 96.84% (7735 out of 7988) of the processed pseudogenes are captured by our method as non-coding gene sequences having protein coding remnants within and validating our approach.
Then, we applied our method to find remnants of proteincoding genes within human lincRNA genes in order to explain their origin and function. A total of 413 lincRNA genes with alignments against Swiss-Prot protein sequences were detected. We used the Rost-curve to find 6876 reliable alignments from these 413 lincRNAs genes against 340 protein-coding genes (see Supplementary File S1). If a lincRNA aligns to multiple proteins, we computed the Euclidean distance of each alignment to the Rost-curve, selecting from those the alignment that maximizes the distance to the curve (see Methods for details).
We noted that some of the 413 lincRNA genes overlap protein-coding genes. To handle this, we first identified 336 parental proteins that are aligning to the complete set. Then, we retrieved from UniProt their annotated proteincoding genes (identified by their Ensemble IDs, GeneIDs and UCSC identifiers). We successfully mapped the genomic coordinates of 208 out of the 336 proteins using three different identifiers. To achieve this, we used a multistep approach. First, we retrieved genomic coordinates using ENSEMBL Ids from GENCODE v19, UCSC Gene ids (retrieving coordinates from the UCSC Table browser (30) and GeneIDs to RefSeq (their genomic coordinates were retrieved from the UCSC Table Browser) . Most of the genomic coordinates were retrieved for the hg19 genome and some remaining were retrieved from hg38, which were fur-ther converted into hg19 using the liftOver tool of UCSC for batch conversions (31) .
The 208 Swiss-Prot proteins that we could map to genomic coordinates are parental to 254 lincRNA genes, of which 203 lincRNAs do not overlap with the parental protein-coding genes (see Supplementary File S2). We consider this a, stringently filtered, set of lincRNAs that we will use for a subsequent analysis (see below). Of note, from the remaining set of proteins that we could not map to genomic coordinates (128 out of 336), 41 are annotated as lincRNAs in Swiss-Prot.
Thus from this stringent filtering with the aim of maximizing specificity, we identify 203 lincRNA genes to have protein-coding remnants within them. Those remnants correspond to 164 different protein-coding genes.
Comparison of 413 lincRNA genes, with protein-coding remnants, with pseudogenic regions
We expect that many of the sequences we identified should be part of known pseudogenes. To investigate the overlap of the 413 lincRNAs with protein-coding remnants with regions identified to be pseudogenic, we took the 11 216 pseudogenes from the psiDR resource (29) . When we compare these with the list of 413 lincRNA genes that we identify in our study, we see an overlap of 76 lincRNAs at the transcribed regions. This suggests a link between pseudogenes and lincRNA.
To try to add more evidence about the relation of our lincRNAs to pseudogenes, we obtained a list of 193 human lincRNAs identified by a complementary approach to find human lincRNAs that arised by drift from coding sequences (16) . While these have a minor overlap to the 11 216 psiDR pseudogenes (17 sequences), their agreement with our set of 413 lincRNAs is much larger (56 sequences), further supporting that the lincRNAs we detected were generated by pseudogenization. The comparison to proteins in nine vertebrate species used by Liu et al. explains why their dataset contains sequences that we could not identify; on the other hand, alignment to human protein coding genes using an alternative to BLAST explains the larger number of lincRNAs identified by our method.
Transcriptome analysis shows expression correlations between lincRNAs and their corresponding protein-coding genes
To further study the possible functional relevance of our findings of protein-coding remnants in lincRNA sequences, we employed RNA-seq analysis to examine expression patterns of lincRNAs and related protein-coding genes.
On this line, we compared the expression of (i) total lincRNAs (n = 7256), (ii) total protein-coding genes (n = 20 239), and our set of selected 413 lincRNAs with significant similarity to protein-coding genes distinguishing: (iii) Class I lincRNAs (n = 203) are those lincRNAs that are aligning to human protein-coding genes above the Rost-curve and do not overlap with genomic coordinates of proteincoding genes and (iv) Class II lincRNAs (n = 210) are those lincRNAs that are aligning to human protein-coding genes above the Rost-curve and overlap with the genomic coordinates of protein coding genes or the genomic coordinates of the Swiss-Prot proteins cannot be obtained by means of Ensembl, Gene Id or UCSC identifier. The RNA-seq data was analysed across three tissues of different germline origin (ectoderm: pre-frontal cortex, endoderm: liver and mesoderm: heart).
The expression of Class I lincRNAs (n = 181 from 203, on autosomal chromosomes) and Class II lincRNAs (n = 182 from 210) is significantly higher than that of all lincRNAs ( Figure 5 ), suggesting functional impact of proteincoding remnants within these lincRNA sequences. This implies that lincRNAs having protein-coding sequence remnants are more capable to be expressed pointing out to functionality.
To test if the set of 181 Class I lincRNAs could have any impact on the regulation of their parental protein-coding genes because of their sequence-similarity (10), we compared their expression with that of their respective parental genes.
As it could be expected, higher correlation values (Pearson scores) are obtained when comparing the expression of either lincRNAs or the parental genes between tissues, than when comparing lincRNAs with protein-coding genes (Figure 6A) . Interestingly, the lowest values of correlation correspond to comparisons across different tissues (e.g. lowest correlation is between protein-coding gene expression in heart and lincRNA expression in liver).
Focusing on the comparisons between lincRNAs and parental protein-coding genes, positive correlation (R 2 ranging from 0.14 to 0.17) was observed in the three tissues analysed ( Figure 6B ). Fold changes of expression are more meaningful than counts in terms of defining a functional effect. Thus, we next decided to compare the expression changes of lincRNA and parental protein-coding genes between tissues and found stronger correlation (R ranging from 0.11 to 0.22) ( Figure 6C ).
DISCUSSION
LincRNAs are more tissue specifically expressed compared to protein-coding genes, their corresponding transcripts also differ in sub-cellular locations, metabolic profiles and epigenetic regulation (32) . Recent investigations have established lincRNAs to be very important in gene regulatory events underlying cell identity and function (8, 33, 34) . They participate in a number of molecular mechanisms, many of which depend on their primary sequence and secondary structure. Using these features, lincRNAs interfere and compete with the cellular translation process, thereby, selectively targeting the synthesis of certain proteins (8) .
The sequences of lincRNAs hold information about their evolutionary biogenesis, which potentially could help us to understand sequence divergence patterns during lincRNA evolution. Additionally, the sequence relationship between lincRNAs and their template protein-coding genes could potentially allow us to study their function. For instance, in relation to their target selection in the gene regulatory cascade, to ultimately understand their role in cell identity and function. However, the sequence-divergence events that contribute to their biogenesis have been poorly understood.
The major reason for this is the unavailability of a proper alignment method to compare efficiently the remnants of Figure 5 . LincRNAs that align to protein-coding genes are highly expressed. Density plots depicting log-normalized expression of total lincRNAs (green), total protein-coding genes (red), Class I lincRNAs (blue) and Class II lincRNAs (cyan), in the tissues indicated (prefrontal cortex, heart and liver) (see text for details). protein-coding gene sequences within non-coding elements. Given the aim to find functional relationships of lincRNAs, it makes sense to align the amino acid sequences of functional proteins against lincRNA sequences. In this work, we presented a novel method that finds protein-coding gene sequence remnants within lincRNA sequences. A visualization platform for the alignments in order to analyse their sequence divergence events is also provided (Figure 4) . Our approach includes a new substitution matrix, and merges in an optimized way the alignments from multiple ORFs. Hence, we overcome a major limitation in studying the evolution of lincRNA gene sequences.
We used the Rost-curve to detect homology between protein-coding and lincRNA genes, obtaining 203 lincRNAs (corresponding to 164 different protein-coding genes). Our results suggest that many lincRNAs evolved from sequence divergence events from protein-coding gene sequences. For example: lincRNA gene ENSG00000223396 (transcript ENST00000441932.1) from chromosome 1 is aligning to protein-coding gene P46783 (40S ribosomal protein S10) on chromosome 6 (the sequence alignment can be visualized in Supplementary File S3). We provide similar alignments for the complementary dataset of lincRNAs as Supplementary File S4.
While, inherently, these lincRNAs might have arisen from an event of pseudogenization of a coding region, and some are currently annotated as pseudogenes, the definition of a pseudogene is functional and therefore, as evidence of the transcription and function of each of these lincRNAs accumulates they should not be considered pseudogenes. But the processes generating pseudogenes from coding regions are very prevalent (15) . Using our approach, we could validate most of the psiDR processed pseudogenes supporting the concept that pseudogenization could lead to lincRNAs showing remnants of protein coding sequences.
It is very likely that for many lincRNAs we could not find any associated protein-coding gene sequences due to sequence divergence making them undetectable by sequence alignment analysis. Alternatively, the parental proteincoding gene could have been lost during evolution in humans. In these cases, we could be detecting homologs of the lost genes.
From the set of 203 Class I lincRNAs there are 15 lincRNA genes that, while not overlapping to the parental protein-coding gene, are located at a close genomic distance in the genome. This shows that these lincRNAs are the product of small tandem genomic duplications (Supplementary File S5).
Importantly, we observed that the lincRNAs with remnants of protein sequences within them are more expressed than the average lincRNA ( Figure 5 ), hinting at a possible functionality, at least in the tissues considered. We also observed that lincRNA expression and the expression of their associated protein-coding gene positively correlates across three tissues, even more if fold changes between tissues are considered ( Figure 6 ). This result suggests that the relations we found between lincRNAs and proteins might have posttranscriptional regulatory consequences, with a mild selection pressure to keep complementarity to the parental gene. This hypothesis is supported in a recent study (16) where lincRNAs from human have been aligned to nine different species using blastn finding 193 lincRNA human orthologues with a potential to regulate their paralogs as competing endogenous RNAs.
Collectively, our approach helps the study of non-coding RNA sequences to predict their functional relationships with protein-coding genes. Future work should aim to validate the tissue specific functions of these lincRNAs in relation to their parental protein-coding genes.
CONCLUSION
LincRNAs are the most abundant transcribed non-coding RNAs in mammalian cells. Previous evidence have established their functional role in gene regulation. However, their sequence relationship with protein-coding genes for analysing their biogenesis, as well as their regulatory targets remained under-explored. We developed an optimized methodology for the alignment of protein-coding sequence remnants within lincRNA genes. We complemented this approach with a visualization platform to analyse the sequence divergence. Collectively, this approach can be implemented to study the genetic events leading to lincRNA biogenesis and post-transcriptional target regulatory selection. By implementing this approach, we found 203 lincRNA genes that show significant alignment with protein sequences, pointing out to a functional association with those. Moreover, these hits show overall high expression levels and correlated expression with the aligning protein-coding genes, establishing their importance and inter-dependence in gene regulation. Our study provides a novel tool for analyzing non-coding RNA sequences and gives unprecedented insights into the gene regulatory function of hundreds of human lincRNAs.
DATA AVAILABILITY
The open software for obtaining the lincRNA set predictions (Class I and II, 413 lincRNAs) and for aligning each lincRNA against their corresponding protein-coding gene is available in the next GitHub repository (https://github. com/swttalyan/protsInLincRNA).
